We previously isolated a herpes simplex virus 1 (HSV-1) mutant, KOS-NA, that carries two nonsynonymous mutations in UL39, resulting in L393P and R950H amino acid substitutions in infected cell protein 6 (ICP6). Our published data studying KOS-NA pathogenesis strongly suggest that one of these ICP6 substitutions expressed from KOS-NA, R950H, severely impaired acute viral replication in the eyes and trigeminal ganglia of mice after inoculation onto the cornea and consequently impaired establishment and reactivation from latency. Because of its significant neuroattenuation, we tested KOS-NA as a potential prophylactic vaccine against HSV-1 in a mouse model of corneal infection. KOS-NA stimulated stronger antibody and T cell responses than a replication-competent ICP0-null mutant and a replication-incompetent ICP8-null mutant optimized for immunogenicity. Immunizations with the ICP0 Ϫ , ICP8 Ϫ , and KOS-NA viruses all reduced replication of wild-type HSV-1 challenge virus in the corneal epithelium to similar extents. Low immunizing doses of KOS-NA and the ICP8 Ϫ virus, but not the ICP0 Ϫ virus, protected mice against eyelid disease (blepharitis). Notably, only KOS-NA protected almost completely against corneal disease (keratitis) and greatly reduced latent infection by challenge virus. Thus, vaccination of mice with KOS-NA prior to corneal challenge provides significant protection against HSV-1-mediated disease of the eye, even at a very low immunizing dose. These results suggest that KOS-NA may be the foundation of an effective prophylactic vaccine to prevent or limit HSV-1 ocular diseases. IMPORTANCE HSV-1 is a ubiquitous human pathogen that infects the majority of the world's population. Although most infections are asymptomatic, HSV-1 establishes lifelong latency in infected sensory neurons, from which it can reactivate to cause deadly encephalitis or potentially blinding eye disease. No clinically effective vaccine is available. In this study, we tested the protective potential of a neuroattenuated HSV-1 mutant (KOS-NA) as a vaccine in mice. We compared the effects of immunization with KOS-NA to those of two other attenuated viruses, a replication-competent (ICP0 Ϫ ) virus and a replication-incompetent (ICP8 Ϫ ) virus. Our data show that KOS-NA proved superior to the ICP0-and ICP8-null mutants in protecting mice from corneal disease and latent infection. With its significant neuroattenuation, severe impairment in establishing latency, and excellent protective effect, KOS-NA represents a significant discovery in the field of HSV-1 vaccine development.
I nfections with herpes simplex virus 1 (HSV-1) can cause a variety of diseases that range from oral-facial and genital sores to life-threatening encephalitis. Recurrent infections with HSV-1 are very common due to the virus' capacity to establish latency in the sensory neurons innervating the primary site of infection and to subsequently reactivate under stress stimuli (1) . Recurrent infections of the eye after reactivation from the site of latency in the trigeminal ganglion (TG) can lead to corneal scarring and associated herpes stromal keratitis (HSK), a condition that afflicts more than 450,000 persons annually in the United States alone (2) . Notably, recurrent bouts of HSK are a principal cause of nontraumatic corneal blindness (3) . While treatment with antiviral drugs such as acyclovir can limit the severity of orofacial infections, acyclovir in combination with other topical therapies does not provide significant benefit to patients in controlling recurrent HSK pathology (4) . A prophylactic vaccine to prevent or limit HSV-1 ocular infection could dramatically reduce the incidence and severity of HSK.
Several forms of vaccine have been tested over the years for efficacy against HSV-1 and HSV-2, the latter being the major cause of genital herpes. Initial vaccine candidates for HSV were inactivated virus (either UV inactivated or formalin fixed) (reviewed in references 5 and 6). While these vaccine formulations showed some promise in animal models, they did not provide durable protection in clinical trials. In addition to inactivated virus as a vaccine, three other strategies have been tried. Subunit vaccines have long been studied because of their relative safety. They typically utilize one or more purified, adjuvanted viral glycoproteins alone or in combination with DNA vectors that express viral glycoproteins. A phase 3 trial, the Herpevac Trial for Women, used HSV-2 glycoprotein D (gD) as a subunit vaccine in seronegative women (7) . Despite its early promise, the vaccine stimulated an immune response against gD, but it did not prevent HSV-2 genital infection or disease. A second strategy involves using replicationincompetent vaccines (e.g., containing a mutation in an essential viral gene) (8) (9) (10) or HSV mutants that replicate for only one lytic cycle (often referred to as disabledinfection single-cycle [DISC] virus) (11) . These types of vaccines are attractive given their limited cytopathic effects and potential for broader and more durable immune responses. However, certain of these vaccine candidates have provided no or limited benefits when assessed in humans. For example, an HSV-2 mutant with gH deleted tested as a therapeutic vaccine in individuals who had frequent reactivations did not decrease the incidence of genital lesions (12) . It has been hypothesized that subunit (mono-and multivalent) and replication-incompetent vaccines are ineffective in humans because they limit the number and amount of viral antigens being expressed (13) . Therefore, a third, more recently assessed strategy is the use of live attenuated strains of HSV-1 and -2 as vaccines. Attenuated viruses are effective vaccines against many other viral pathogens, including the herpesvirus varicella-zoster virus (VZV). Notably, recent studies used HSV-1 and HSV-2 infected cell protein 0 (ICP0) mutants that are replication competent but severely attenuated and can protect against ocular and vaginal challenges, respectively, in animal models (14, 15) . Protection by these ICP0 mutant vaccine candidates, in part, appears to be correlated with preexisting humoral immunity (15, 16) . The magnitude and breadth of the immune response stimulated by live attenuated viruses, a potential key to successful vaccination, may depend upon the degree to which the live vaccine is attenuated and able to express immunogenic proteins.
HSV-1 encodes numerous enzymes that uniquely facilitate virus replication at specific stages of its complex life cycle. The large subunit of ribonucleotide reductase, ICP6, is encoded by the UL39 gene and assists with viral DNA replication when in a complex with the small subunit encoded by UL40. Although ICP6 is not required for viral growth and replication in dividing cells because HSV can utilize the homologous host enzyme, it is essential for viral replication in quiescent cells, such as neurons (17, 18) . In addition, UL39 mutants are severely impaired for replication, establishment of latency, and/or reactivation in vivo (19, 20) . Interestingly, ICP6 is a potent immunogen that stimulates cytotoxic T lymphocyte (CTL) responses, with the CTL epitope being mapped to the C-terminal portion of ICP6 (21) . Moreover, a recent study reported that CTLs target ICP6 in the infected TG (22) and suggested the potential of ICP6 as a subunit vaccine candidate.
In a previous report, we showed that an HSV-1 ICP6 mutant, KOS-NA, which carries nonsynonymous mutations in the UL39 gene, is severely attenuated for acute replication in vivo and consequently defective in establishment of and reactivation from latency (23) . The mutant does not protect infected cells from caspase 8-dependent apoptosis. Because KOS-NA still expresses ICP6, albeit at reduced levels, and is highly attenuated in vivo, we hypothesized that KOS-NA would have potential as the basis for a protective vaccine against HSV-1 ocular infections. Consequently, we tested whether KOS-NA would be an effective vaccine candidate compared to other neuroattenuated or replication-incompetent viruses in an established murine model of vaccination followed by corneal infection with HSV-1. Our data indicate that KOS-NA provides significant prophylactic protection against viral infection and disease, suggesting that KOS-NA may prove useful in the development of a vaccine against ocular HSV-1 infection.
RESULTS
Acute replication of KOS-NA in BALB/c mice. The potential value of KOS-NA as the basis for a vaccine derives from the observation that KOS-NA replication is not detectable in TG during the week after ocular infection of outbred CD-1 mice (23) . In addition, KOS-NA-infected CD-1 mice do not show outward signs of HSV pathology compared to mice infected with wild-type HSV-1 (H. H. Mostafa and D. J. Davido, unpublished data). As a prelude to vaccine studies using inbred mice so that T cell responses could be assessed, we determined whether similar results would be obtained in the BALB/c mouse strain. Replication levels of KOS-NA, wild-type HSV-1 (strain KOS), and an ICP0 Ϫ mutant of KOS (7134) in the corneal epithelium and nervous system were compared after ocular inoculation. KOS-NA replicated with reduced efficiency in the cornea compared to KOS days 1 through 4 postinfection ( Fig. 1A) . KOS-NA replicated to levels similar to those of the ICP0 Ϫ mutant in BALB/c mice, in contrast to its greater attenuation than ICP0 Ϫ virus in CD-1 mice. Day 4 postinfection, KOS had spread to the TG and brainstem, where it replicated to high levels in both tissues (Fig. 1B) . In contrast, KOS-NA and ICP0 Ϫ viruses could not be detected in the nervous system. Thus, KOS-NA is as neuroattenuated as an ICP0 Ϫ virus after peripheral inoculation in BALB/c mice. This result confirms the neuroattenuation of KOS-NA observed in CD-1 mice and suggests the potential of KOS-NA as a safe means to generate antiviral immunity through vaccination.
KOS-NA is more immunogenic than two other viruses with vaccine potential. Because KOS-NA consistently showed neuroattenuation, we sought to determine its potential as the basis for an effective prophylactic vaccine against ocular disease caused by HSV-1. We compared the capacity of KOS-NA to stimulate immune responses relative to 7134 (a replication-competent virus lacking ICP0) and to Δ41Δ29B7-2 (a replication-incompetent [ICP8 Ϫ ] form of live virus vaccine optimized for immunogenicity because it also does not express the virion host shutoff protein [vhs] and encodes murine B7-2 costimulation molecules) (24) . Because T cell responses are critical to effective immune-mediated inhibition and clearance of HSV infection (25), we first assessed T cell responses induced by the different forms of the vaccines 6 days after subcutaneous (s.c.) immunization. To analyze CD4 ϩ T cell responses, cells from the draining lymph nodes were stimulated with phorbol myristate acetate (PMA) and ionomycin and stained intracellularly for gamma interferon (IFN-␥). A greater percentage ( Fig. 2A ) and absolute number ( Fig. 2B ) of CD4 ϩ T cells produced IFN-␥ in mice receiving KOS-NA than in those immunized with ICP0 Ϫ or ICP8 Ϫ viruses or control supernatant, suggesting that CD4 ϩ T cells were optimally activated in response to the KOS-NA virus vaccine. Response to an immunodominant, K b -restricted HSV epitope (gB498 -505) (26-28) was used to monitor the strength of the CD8 ϩ T cell response to vaccine in congenic BALB.B mice. Cells isolated from the draining lymph nodes were incubated with peptide representing gB498 -505, and IFN-␥-producing cells were enumerated by enzyme-linked immunosorbent spot (ELISpot) assay. More HSV-specific CD8 ϩ T cells were found in the draining lymph nodes of KOS-NA-immunized mice than in those of mice immunized with ICP0 Ϫ or ICP8 Ϫ virus, whether compared on the basis of spot-forming cells per million lymph node cells ( Fig. 2C ) or total spot-forming cells in the draining lymph nodes (Fig. 2D ). These data indicate that KOS-NA elicits a robust HSV-specific CD8 ϩ T cell response.
The capacities of the vaccines to elicit HSV-specific antibodies were determined by immunizing groups of mice once s.c. with 5 ϫ 10 5 PFU (high), 1 ϫ 10 5 PFU (medium), or 2 ϫ 10 4 PFU (low) doses of the viruses or control supernatant. Sera were obtained from mice 21 days after immunization, and HSV-1-specific antibody titers were determined by enzyme-linked immunosorbent assay (ELISA) (29) . As shown in Fig. 3 , KOS-NA induced significantly more HSV-specific IgG than ICP0 Ϫ or ICP8 Ϫ virus, with the most pronounced differences at the low (P Ͻ 0.01 to 0.05) and medium (P Ͻ 0.001) doses. These results, taken together with the T cell responses, demonstrate that KOS-NA elicits a stronger adaptive antiviral immune response than an ICP0 Ϫ virus or an ICP8 Ϫ virus.
KOS-NA vaccination protects mice from subsequent corneal infection with HSV-1. We next assessed how effectively immunization with KOS-NA could protect mice from ocular HSV-1 infection. All the vaccination groups were challenged by inoculation of the virulent, heterologous HSV-1 strain microplaque (mP) onto the scarified corneas 4 weeks after immunization. The corneal epithelia were swabbed over time postchallenge to determine the extent to which immunization with KOS-NA limited replication of the challenge virus. Less challenge virus replication was detected in the eyes of mice immunized with any of the vaccine viruses than in those of mice immunized with control supernatant, regardless of the immunizing dose ( Fig. 4) . Immunization with the high dose of KOS-NA significantly decreased corneal shedding of the challenge virus from 2 to 4 days postchallenge compared with the ICP0 Ϫ vaccination group (Fig. 4A ). KOS-NA remained more effective than both the ICP0 Ϫ and ICP8 Ϫ viruses when given at the medium dose in that it almost completely controlled replication by 4 days postchallenge ( Fig. 4B ). At the low immunizing dose, the three vaccine strains showed similar capacities to reduce challenge virus replication ( Fig. 4C ).
KOS-NA vaccination reduces morbidity after subsequent corneal infection with HSV-1. Daily change in body weight was monitored postchallenge to assess the overall fitness of mice vaccinated with KOS-NA versus the other viruses. Mice that were immunized with control supernatant and subsequently challenged with HSV-1 strain mP noticeably lost weight by day 6 postchallenge, which further progressed until day 8, when most of the mice died ( Fig. 5 ). In contrast, mice immunized with the high or medium dose of any of the vaccine viruses maintained their body weight through 12 days postchallenge. Differences among the vaccinated mice became apparent at the Fig. 3 were challenged with HSV-1 strain mP (4 ϫ 10 5 PFU/eye) 4 weeks postimmunization. The eyes of 6 mice per group were swabbed at the indicated times, and the titers of challenge virus in them were determined. The experiment was repeated once. The eye swab data represent the geometric means Ϯ SEM of the combined results from the two independent experiments (total number of mice, 12 per group). The control group was the same for all three graphs. *, P ϭ 0.0221; **, P ϭ 0.0044; and ***, P ϭ 0.0002 to 0.0001 for KOS-NA compared with the ICP0 Ϫ virus. P ϭ 0.0013 on day 3 at the high dose and P ϭ 0.0019 on day 4 at the medium dose for KOS-NA compared with the ICP8 Ϫ virus. The dashed lines indicate limits of detection. low immunizing dose. Mice immunized with KOS-NA generally maintained their weight over the course of the experiment, whereas mice immunized with the ICP0 Ϫ or ICP8 Ϫ virus showed significant loss of weight, beginning day 6 postchallenge and extending to days 11 and 12. These results indicate that KOS-NA at the low vaccine dose protected mice better from weight loss than ICP0 Ϫ or ICP8 Ϫ virus.
Diseases of the eyelid (blepharitis) and cornea (keratitis) are two prominent pathological features of HSV-1 ocular infection. Blepharitis and keratitis were therefore scored postchallenge to determine the efficacy of ocular protection. At the highest immunization dose tested, the three virus vaccines protected nearly all the mice from blepharitis ( Fig. 6A ). At the medium dose, KOS-NA and ICP8 Ϫ viruses prevented most of the mice developing blepharitis. In contrast, protection from periocular disease was slightly less robust in the ICP0 Ϫ -vaccinated group over several days postchallenge (Fig. 6B) . This difference between the mice immunized with ICP8 Ϫ or KOS-NA virus and the ICP0 Ϫ virus became most apparent at the low vaccine dose, with the ICP0 Ϫ vaccine group showing significantly more blepharitis beginning 5 days postchallenge ( Fig. 6C ).
Keratitis was evaluated in all the immunization groups 14 days postchallenge ( Fig.  7) . All the viruses efficiently protected mice from developing keratitis when given at the high or medium dose ( Fig. 7A and B ), but only KOS-NA continued to protect the mice from developing keratitis at the low immunizing dose (Fig. 7C) . Indeed, among mice in the low-dose immunization groups, only 7.5% of the eyes of mice previously immunized with KOS-NA developed severe keratitis (sight impairment; score of 3 or 4), compared with 45% of the eyes of mice in the ICP0 Ϫ and ICP8 Ϫ immunization groups (P Ͻ 0.0004). The results were similar at day 9 postchallenge (data not shown). Thus, a single dose of KOS-NA as low as 2 ϫ 10 4 PFU almost completely protected the corneas from disease.
KOS-NA vaccination protects mice from subsequent neuronal infection with HSV-1. Because vaccination of mice with KOS-NA impaired acute replication of the challenge virus and reduced development of blepharitis and keratitis, we sought to determine whether KOS-NA was effective in limiting challenge virus infection of the nervous system. The TG of latently infected mice were removed 28 days postchallenge, and relative viral genome loads for all samples were quantified by real-time PCR. Prior immunization with the high or medium dose of any of the three vaccine viruses reduced the load of latent virus genomes after challenge relative to the controlimmunized mice ( Fig. 8A and B ). In addition, KOS-NA protected the TG of mice from latent infection by challenge virus markedly (2-to 4-fold) better than either the ICP0 Ϫ or ICP8 Ϫ virus at every immunization dose ( Fig. 8A to C) . These data likely underestimate the differences between virus-and control-immunized animals because the majority of mice immunized with control supernatant did not survive challenge and because HSV-1 DNA in some TG from the KOS-NA high-and medium-dose immunization groups was below the level of detection. These results indicate that immunization with KOS-NA effectively reduces latent infection of the nervous system upon challenge with HSV-1 compared with the ICP0 Ϫ and ICP8 Ϫ virus vaccines. We next investigated possible mechanisms for reduction in latent infection of the TG. Immunized mice were challenged as before, and infectious virus in the TG was assessed 4 days postchallenge. Mice previously immunized with KOS-NA had much less challenge virus in the TG acutely after challenge compared to mice immunized with ICP0 Ϫ virus (Fig. 8D) . Interestingly, the ICP8 Ϫ virus vaccine also effectively controlled acute infection of the TG (Fig. 8D ). CD8 ϩ T cells have been linked to suppression of latent-virus reactivation from the TG (30, 31) and may be important in preventing establishment of latency (32, 33) . We therefore assessed HSV-specific CD8 ϩ T cell responses to corneal challenge. More CD8 ϩ IFN-␥-producing T cells specific for the gB498 -505 epitope were observed in the local cervical lymph nodes of all the groups of immunized mice 4 days after challenge than in those of mice immunized with control supernatant, whether evaluated on the basis of spot-forming cells per 10 6 lymph node cells ( Fig. 8E ) or total spot-forming cells (Fig. 8F) ; however, a significantly stronger response was observed in T cells isolated from KOS-NAimmunized mice.
Comparative immunogenicity and efficacy of attenuated KOS-NA and wildtype KOS. KOS-NA stimulated much stronger immune responses and protective capacity than an ICP0 Ϫ mutant, even though KOS-NA was nearly as attenuated as ICP0 Ϫ virus for replication in the cornea and did not replicate in the nervous system after corneal inoculation. We therefore tested the relative immunogenicity and protective capacity of attenuated KOS-NA compared with its wild-type parental strain, KOS. Groups of mice immunized s.c. with 2 ϫ 10 4 PFU of KOS-NA or the wild-type HSV-1 KOS were evaluated for T cell responses, antibody titer, and capacity to resist HSV-1 challenge. The numbers of IFN-␥-producing CD4 ϩ T cells stimulated by immunization with KOS or KOS-NA were equivalent ( Fig. 9A and B) . The number of IFN-␥-producing CD8 ϩ T cells per 10 6 lymph node cells ( Fig. 9C ) and the total number of spot-forming cells (Fig. 9D ) in the draining lymph nodes were slightly, though not statistically significantly, higher in mice immunized with KOS than in those immunized with KOS-NA. HSV-specific antibody levels in the serum were not significantly different between the two immunization groups (Fig. 9E ). After challenge of mice immunized with KOS or KOS-NA, no difference was seen in levels of challenge virus replication in the cornea at any time (Fig. 10A) . The nervous systems of some mice from each group contained no measurable virus 4 days postchallenge, and titers of challenge virus in the remaining KOS-NA-and KOS-immunized mice were not significantly different (Fig. 10B) . Thus, KOS-NA is very nearly as immunogenic and protective as the wild-type virus from which it is derived, although it is comparatively attenuated for replication in the periphery and strongly neuroattenuated.
DISCUSSION
In this study, we showed that KOS-NA was impaired for replication in the corneal epithelia of BALB/c mice, and it was not detected in the TG or brainstems (Fig. 1) , reflecting previous results that demonstrated neuroattenuation in CD-1 mice (23). These observations establish an important aspect of safety required of any HSV live-virus vaccine. KOS-NA was also immunogenic. Compared to the ICP0 Ϫ and replication-incompetent vaccine groups, mice inoculated with KOS-NA produced the highest number of HSV-1-specific CD4 ϩ and CD8 ϩ IFN-␥-producing T cells (Fig. 2) and generated the highest anti-HSV-1 IgG titers (Fig. 3) . Consequently, immunization with KOS-NA at two different doses significantly decreased ocular shedding of the challenge virus 2 to 4 days postinfection ( Fig. 4 ). At the low vaccine dose, KOS-NA protected mice from transient body weight loss ( Fig. 5 ) and from blepharitis ( Fig. 6 ) and keratitis ( Fig.  7) better than ICP8 Ϫ and ICP0 Ϫ viruses after corneal challenge. An important criterion in evaluating vaccine efficacy must be the capacity of a vaccine to reduce HSV infection and establishment of HSV latency in the peripheral sensory ganglia. Not surprisingly, KOS-NA was able to significantly diminish the establishment of latency by the challenge virus ( Fig. 8A to C) compared to the control-vaccinated mice. Less virus reached the TG acutely postinfection (Fig. 8D) , and protection was closely associated with larger numbers of CD8 ϩ T cells in the cervical lymph nodes after challenge ( Fig. 8E and F) . The KOS-NA mutations did not adversely affect the immunogenicity of HSV-1, because the mutant virus was nearly as immunogenic and protective as wild-type HSV-1 when used as a vaccine ( Fig. 9 and 10 ). Taking the data together, we conclude that KOS-NA as a prophylactic vaccine offers better protection from ocular and periocular infections than another attenuated, replication-competent (ICP0 Ϫ ) virus and also a replicationincompetent (ICP8 Ϫ vhs Ϫ B7 ϩ ) virus engineered to optimize immunogenicity. The basis of this protection is linked to both higher levels of HSV-specific antibody and T cell responses.
We had previously demonstrated that KOS-NA bears nonsynonymous mutations in UL39, encoding ICP6 (23) . ICP6, the large subunit of ribonucleotide reductase, functions in a complex with the small subunit of the enzyme, encoded by UL40. The complex catalyzes the formation of deoxyribonucleotides from ribonucleotides, which are used in DNA synthesis. Viral ribonucleotide reductase enzymatic activity becomes essential for viral DNA replication during infection of quiescent cell lines and neurons in vivo (17, 19, 20) , where formation of deoxyribonucleotide pools by the host cell enzyme is restricted. In addition to its role in viral replication, ICP6 has chaperone-like activity (34) , kinase activity (35) , anti-and pronecroptotic activities (36, 37) , and an antiapoptotic effect (38, 39) . Interestingly, ICP6 also stimulates a specific cytotoxic T cell response that is detected in infected TG (22, 40) . Cytotoxic T cells play a central role in controlling lytic and latent HSV-1 infection (41) (42) (43) and in maintaining latency in infected neurons (30, 44, 45) . ICP6-specific CD8 T cells are prominent in the latently infected TG of C57BL/6 mice (46, 47) , suggesting that the T cell response induced by ICP6 is likely important in the maintenance of latency. Thus, expressed but inactive ICP6, as a powerful inducer of CD8 ϩ T cells that is also incapable of facilitating virus replication in neurons or blocking apoptosis, may be a key component of an effective HSV vaccine.
In this study, we showed the substantial protective potential of KOS-NA when used as a vaccine compared to an ICP0 Ϫ virus and a replication-incompetent (ICP8 Ϫ ) virus. KOS-NA expresses ICP6 protein, albeit at a lower level than that expressed by KOS in cell culture. In contrast, ICP0 Ϫ mutants express ICP6 at significantly reduced levels (48, 49) because ICP0 potently transactivates the UL39 promoter (50, 51) . This suggests an explanation for the greater effectiveness of KOS-NA than the ICP0 Ϫ mutant, 7134 (21), as a vaccine. Interestingly, however, we found that KOS-NA and an ICP6-null mutant (18) protected equivalently against challenge virus replication in the corneal epithelium, weight loss, blepharitis, and keratitis at the lowest vaccine dose tested (data not shown). It is possible that the reduced levels of ICP6 expressed by KOS-NA (23) are too low for the CD8 T cell response to it to make a discernible difference in overall immunity. Two alternatives are more likely. First, the ICP6 epitope identified in C57BL/6 mice (21, 46, 47) may not be present in the BALB/c mouse haplotype. Second, the T cell response induced by ICP6 may be more important in maintaining latency in neurons than it is in protecting from acute infection. Taken together, our results and those of others suggest that expressed but inactive ICP6 may still be an important component of an effective HSV vaccine strategy, depending on the host genetic capacity to utilize T cell epitopes within it.
KOS-NA's severe neuroattenuation and impaired establishment and reactivation from latency suggest it could be used as the foundation for a vaccine candidate. The facts that KOS-NA replicates as well as KOS in dividing cells in culture (data not shown) and that it does not require a complementary cell line for growth suggest relatively low selective pressure to generate secondary mutations or reversion to wild type that might alter its in vivo phenotype. Nonetheless, an increased measure of safety must be achieved, for example, by combining the KOS-NA mutation with other engineered lesions to avoid the possibility of reversion or development of adventitious mutations within KOS-NA that could negate its neuroattenuation. Accordingly, we are currently examining the effects of combining the KOS-NA mutations with mutation of other attenuating or essential genes.
An HSV-2 kinase activity-deficient mutant of ICP10, the large subunit of HSV-2 ribonucleotide reductase, had previously been evaluated for safety and effectiveness as a vaccine in rodent models. The virus, ICP10ΔPK, replicated to reduced levels after footpad inoculation compared with wild-type virus and effectively protected mice against lesions and latent infection after footpad challenge (52) and guinea pigs after vaginal challenge (53) . Thus, multiple lines of evidence indicate that ribonucleotide reductase mutants are effective vaccine prototypes for prevention of HSV-1-and HSV-2-mediated diseases.
Our study is novel in directly comparing three different types of vaccine virus prototypes. We demonstrate that an ICP8 Ϫ vhs Ϫ B7 ϩ replication-incompetent virus engineered to optimize immune responses can indeed generate stronger protective immunity than an attenuated but replication-competent ICP0 Ϫ virus. Significantly, the attenuated but replication-competent KOS-NA surpassed both of the other vaccine prototypes while being restricted for replication in the nervous system of mice. Our data also demonstrate the importance of testing different vaccine doses to differentiate between vaccine strains. For example, all the vaccine strains struggled to provide substantial protection against acute replication of challenge virus in the cornea, even at the highest immunizing dose, and our ability to discriminate between the strains in assessing this parameter was relatively limited. In contrast, the lowest immunizing dose of vaccine virus allowed us to easily discriminate the protective effect of KOS-NA compared to the other strains in terms of weight loss, blepharitis, and keratitis. Strikingly, KOS-NA at any immunizing dose provided better protection against latent infection of the TG, a critical measure of HSV vaccine efficacy.
A second novel aspect of our study is that the mutant form of ICP6 renders HSV-1 both neuroattenuated and immunogenic. Strikingly, although KOS-NA was attenuated for replication in the periphery compared with wild-type KOS, it rivaled KOS in induction of protective immune responses, suggesting that substitution in ICP6 has a positive impact on immunogenicity. In our previous report, we showed that mutations of UL39 in KOS-NA compromised ICP6 blockade of caspase 8-induced apoptosis (23) and that virus-induced apoptosis enhanced both innate and adaptive immune responses (54) . Interestingly, ICP6 can block virus-induced necroptosis as well (36) , which is a regulated necrosis process that can largely modulate the inflammatory and T cell responses (55) . It is not yet known if this mutant form of ICP6 possesses antinecroptotic activity. The exact mechanism by which the KOS-NA UL39 mutation(s) dramatically affects the in vivo behavior of the virus and enhances its protective potential without detectable replication in sensory neurons will require further investigation.
MATERIALS AND METHODS
Cell lines and viruses. Viruses for immunizations were produced free of cell debris by isolation from the supernatant of infected cell monolayers using high-speed centrifugation, as previously described (9) . HSV-1 strains KOS and mP (56) were propagated in Vero cells. HSV-1 mutants 7134, KOS-NA, and Δ41Δ29B7-2 are all derived from the HSV-1 KOS strain. 7134 is an ICP0-null mutant (48) that was propagated on L7 cells stably expressing ICP0 (57) . KOS-NA contains 2 nonsynonymous mutations in the UL39 gene, L393P and R950H, at least one of which is responsible for its neuroattenuated phenotype in mice. Δ41Δ29B7-2 contains deletions in the genes encoding ICP8 and vhs, and an insertion of the gene encoding murine B7-2 costimulation molecules, driven by the human cytomegalovirus immediate early promoter, into the thymidine kinase locus (24) . Δ41Δ29B7-2 was propagated in S2 cells, a Vero cell line expressing ICP8 (58) . Virus titers were determined on L7, Vero, or S2 cells, as appropriate, by standard plaque assay (59) . Here, the HSV-1 mutant 7134 is termed ICP0 Ϫ and Δ41Δ29B7-2 is referred to as ICP8 Ϫ virus for simplicity.
Mice. Female BALB/c mice were purchased from the National Cancer Institute. BALB.B mice (H-2 b congenic) were purchased from the Jackson Laboratories and bred at Saint Louis University. All the mice were housed at Saint Louis University under specific-pathogen-free conditions in accordance with institutional and federal guidelines and were used at 6 weeks of age under a protocol approved by Saint Louis University.
Corneal infection. BALB/c mice were deeply anesthetized and inoculated with 2 ϫ 10 5 PFU of ICP0 Ϫ , KOS-NA, or KOS virus in a 5-l volume of normal saline on their lightly scarified corneas. Days 0 to 4 postinfection, the eyes of the mice were swabbed using a cotton-tipped applicator moistened with phosphate-buffered saline (PBS), and each swab was placed in a vial containing 500 l of PBS. At 4 days postinfection, the mice were euthanized and TG were dissected. The TG were disrupted individually by bead beating, and virus titers were determined by standard plaque assay. Each experiment was repeated once.
Flow cytofluorometric analyses. For CD4 ϩ T cell analyses, groups of BALB/b mice were immunized s.c. in the hind flanks with 2 ϫ 10 4 PFU of virus suspended in a 40-l total volume of normal saline. Cohorts of mice received an equivalent amount of supernatant concentrated from uninfected cell cultures (control supernatant) as a negative control for immunization. After 6 days, draining para-aortic and inguinal lymph nodes were removed and single-cell suspensions were made. Cells were cultured for 4 h in the presence of PMA (50 ng/ml), calcium ionophore A23187 (1 g/ml), and GolgiStop (0.67 l/ml; PharMingen). The cells were then treated with Fc block, followed by anti-CD3 and anti-CD4, and subsequently fixed and permeabilized using a cytostain kit (PharMingen) and stained with anti-IFN-␥.
Flow cytofluorometric analysis was performed using an LSRII (Becton Dickinson) and FloJo 8.0 software. This experiment was repeated once.
Immunization of mice for vaccine efficacy studies. The hind flanks of mice were injected (20 l per flank) s.c. with 5 ϫ 10 5 PFU (high dose), 1 ϫ 10 5 PFU (medium dose), or 2 ϫ 10 4 PFU (low dose) of KOS-NA, ICP0 Ϫ , or ICP8 Ϫ virus or control supernatant.
ELISpot assays. Groups of BALB/b mice were immunized s.c. with 2 ϫ 10 4 PFU of the various vaccine strains or an equivalent amount of control supernatant. Draining lymph nodes were removed 6 days later, and single-cell suspensions were made. For CD8 ELISpot assays, 6 ϫ 10 4 or 2 ϫ 10 4 cells from individual mice were added per well in duplicate to Milliscreen-HA plates (Millipore) previously coated with antibody to IFN-␥ (BD Pharmingen). HSV-1 gB498 -505 peptide (17, 35) was added to the cultures at 0.2 M final concentration. Control wells received medium. After incubation for 20 h, the plates were washed extensively to remove the cells, and captured IFN-␥ was detected using a biotinylated anti-IFN-␥ antibody (BD Pharmingen), followed by streptavidin conjugated to alkaline phosphatase (BD Pharmingen) and 3-amino-9-ethylcarbazole (AEC) substrate (Sigma). Spots were counted using an Immunospot plate reader (Cellular Technology, Ltd.). The average number of spots in control wells was subtracted from the number of spots in wells containing antigen. For CD4 ELISpot assays, cells were added at 1 ϫ 10 6 or 3 ϫ 10 5 cells per well. HSV-1 KOS inactivated by UV light was added at a concentration of 1 ϫ 10 5 PFU/well prior to inactivation. For postchallenge assessments, cervical lymph nodes were removed 4 days postchallenge and prepared as described above.
Quantitation of serum antibodies. Blood was collected from the tail veins of mice 21 days after immunization. Serum was prepared by clot retraction and analyzed by ELISA as previously described (34) . Anti-mouse IgG-biotin (R&D Systems, Minneapolis, MN) was used as a secondary antibody and detected using streptavidin-horseradish peroxidase (HRP), followed by o-phenylenediamine dihydrochloride (OPD) substrate (Sigma, St. Louis, MO). The plates were read at 490 nm on a Bio-Rad 680 reader. Antibody titers were determined by comparison to standard curves generated with serum containing known concentrations of IgG captured on plates coated with goat anti-kappa light chain antibody (Caltag) as previously described (34) .
Challenge and postchallenge assessments. Four weeks after immunization, mice were anesthetized by intraperitoneal injection of ketamine/xylazine, and infected with 5 l HSV-1 mP inoculated onto each scarified cornea at a dose of 4 ϫ 10 5 PFU/eye. Strain mP was chosen because it causes keratitis and has been used extensively in vaccine studies as a heterologous strain that assesses vaccine interstrain cross-protection (8, 24, 60, 61) . To measure virus replication in the corneal epithelium, the eyes were gently swabbed with moistened cotton-tipped swabs at 4 h and days 1 through 5 postinfection. The swabs for each mouse were placed together in 1 ml PBS and frozen at Ϫ80°C until assayed. The virus yield was quantified on Vero cell monolayers by standard plaque assay. After challenge, body weight, signs of disease, and survival were monitored on a daily basis. The mice were weighed individually, and the mean change from initial body weight was calculated daily for each group. Blepharitis scores were assigned in a masked fashion based on the following scale: 0, no apparent signs of disease; 1, mild swelling and erythema of the eyelid; 2, moderate swelling and crusty exudate; 3, periocular lesions and depilation; and 4, extensive lesions and depilation. A mean daily disease score was calculated for each group. Keratitis was assessed at 9 days and 14 days postchallenge using an ophthalmoscope and scored in a masked fashion based on the following scale: 0, no apparent signs of disease; 1, mild opacity; 2 moderate opacity with discernible iris features; 3, dense opacity; 4, dense opacity with ulceration. Virus replication in neural tissue was analyzed by dissection of TG and brainstems from a cohort of mice 3 days or 5 days after challenge. Tissues were stored frozen until used. For virus titer determination, tissues were thawed and disrupted using a Mini-Bead Beater (BioSpec, Inc.) and then diluted for use in standard plaque assays.
Real-time PCR to determine viral DNA loads. TG were dissected 4 weeks postchallenge from mice immunized and infected as described above. DNA was isolated from individual TG using a QIAamp DNA minikit (Qiagen). PCRs were run in 25-l reaction volumes using FastStart SYBR green master mix containing Rox (Roche) and primers at 300 nM final concentration. For adipsin, reaction mixtures contained 10 ng template DNA (62) . For HSV-1 UL50 (195-bp product amplified), reaction mixtures contained 125 ng template DNA (24) . Reactions were performed using an ABI Prism 7500 real-time PCR system (Applied Biosystems). The specificity was verified by melting curve analysis. Standard curves were created for both UL50 and adipsin. The average of duplicate wells yielded the C T value, and the UL50 signal for each sample was normalized to the adipsin signal content by determination of ΔC T . The fold decrease in the UL50 contents of TG from immunized mice relative to those of mice receiving control (uninfected) supernatant was determined using the 2 ϪΔΔCT method (63) . Samples that contained undetectable amounts of viral DNA relative to the standard curve were given the value of the most dilute sample in the UL50 standard curve to estimate reductions in viral latency.
Statistical analyses. T cell responses, concentrations of antibodies in sera, keratitis scores, and relative levels of latent viral DNA were compared between immunization groups by one-way analysis of variance (ANOVA) with the Bonferroni post hoc test for multiple groups. Viral titers shed from the cornea were compared between viruses on individual days using ANOVA. Blepharitis scores were compared on individual days using the Kruskall-Wallis test with Dunn's post hoc test for multiple groups. The significance of the difference in the proportions of mice with severe keratitis was determined using the Fisher exact method. Comparisons of KOS-NA and KOS were performed using the Student t test.
